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76
The characterisation of EDZ was investigated experimentally for several host formations such as Boom 
Using Eq. (1), the vertical hydraulic conductivity can be deduced using the measurements from the vertical 113 and horizontal piezometers. The obtained results show that the hydraulic conductivity is strongly disturbed
114
in the zone of 6 m from the gallery's wall. This extent is larger than that deduced from V p measurements
115
(2 m from the gallery's wall).
116
Several studies showed that the EDZ in Boom Clay can be sealed after a certain time, with a hydraulic 
118
On the other hand, healing, i.e. restoration of original mechanical properties, has not been demonstrated.
119
This aspect was investigated in this study by testing Boom Clay cores taken 10 years after the gallery 120 excavation (2002). The EDZ extent was appreciated based on changes in small-strain shear modulus (G 0 )
121
and thermal conductivity (). Different directions with respect to the bedding plane were considered,
122
allowing the anisotropic behaviour to be studied. Furthermore, microstructure changes were also 123 analysed, allowing identification of the creation of a population of macro-pores that was due to the 124 excavation damage. A parameter related to these macro-pores was then defined, allowing description of 125 the effect of excavation damage on the thermo-hydro-mechanical properties (i.e. thermal conductivity -, 126
small-strain shear modulus -G 0 and hydraulic conductivity -k) of Boom Clay.
128
2.
Materials and methods
5
kaolinite and illite (Lima, 2011 , Dehandschutter et al., 2005 . In this study, several samples were taken 134 from a horizontal borehole (R66-67) of 100 mm diameter (the axis is parallel to the bedding plane). This 
138
After being extracted, each core sample was vacuum-packaged in aluminium foil to minimise water loss
139
by evaporation.
140
The initial suction of Boom Clay after opening these aluminium foils was measured using a dew-point
141
hygrometer and a value of about 3 MPa was obtained which is close to that estimated by Delage et al.
142
(2007). Other parameters such as water content (w), degree of saturation (S r ) were also measured.
143
Further examination shows that the relationship between suction and water content was in good 
155
(2008). In order to measure the thermal conductivity in three orientations, three holes were drilled in each 156 sample in order to vary the angle  between the axis of needle probe and the bedding plane ( = 0°, 45°, 157 90°) (see Figure 1 ). Note that in the case of  = 90°, the measured thermal conductivity  90 is not the value 158 in the direction perpendicular to the bedding plane (  ). The true value of   is back-calculated from  // (or 159  0 ) and the apparent thermal conductivity  90 using Eq. (2) (Penner, 1963) : 160
As the samples used were at unsaturated state, Johansen's method (Farouki, 1986) 
where i and j are the directions of shear wave propagation and particle vibration in the  i - j plane, 179 respectively;  is the total density of soil (Mg/m 3 ); G 0 is small-strain shear modulus (kPa), V s is shear wave 180 velocity (m/s) determined by Eq. (7):
where l is the travel length of shear wave.
182
Note that the samples used for the bender element tests were the same as those used in the thermal 183 conductivity tests. Note also that the water content in these cores slightly decreased during the 
215
The results of thermal conductivity at saturated state in the directions parallel ( // measured), 
224
From the measurements of thermal conductivity and small-strain shear modulus, the lasting influence of 225 8 excavation damage is confirmed, even more than 10 years after the excavation, at least on thermal- 
233
The physical properties of Boom Clay samples used for MIP and SEM tests can be found in Table 1 .
234 Figure 6 shows the pore size distribution curves for the three samples. Table 1 ) due to non-intruded porosity
244
(Lima, 2011).
245
To further evaluate the soil behaviour at microscopic level, the intruded mercury void ratio of macro-pore 246 e M is used, which is the ratio of the mercury intruded volume of macro pore V M to the volume of soil
The e M of the Boom Clay samples is estimated by using the curves e M -D (Figure 6b ). For the three 
251
the maximum value of e M , and the sample at r = 9.2 m has the minimum.
252
The pore size distribution analysis was completed by the SEM observation. The views perpendicular and clay platelets parallel to each other are observed, without the presence of large cracks. From the pore size 260 distribution curve at r = 2.5 m (Figure 6a ), macro-pores are observed in the range from 10 m to 100 m.
261
The crack identified in Figure 8a corresponds to these identified macro-pores.
262
The SEM photographs of the second sample located at r = 2.7 m are presented in Figure 9 . When For a linear elastic material, the amount of damage can be determined by Eq. (10):
Prediction of thermo-hydro-mechanical properties
where E is the Young's modulus of undamaged material, E* is the Young modulus of damaged material.
290
In this study, as a decrease of thermal conductivity and small-strain shear modulus has been identified in 291 the location near the galley and this decrease is related to the excavation damage characterised by the 292 creation of macro-pores, a semi-empirical expression can be proposed to estimate the effect of excavation 293 damage on the properties of Boom Clay (see Eq. (11)). In this expression, parameter e M defined by the 294 pores larger than 5 m is used as a measure of damage levels:
where X 0 is the property of Boom Clay in the far field (intact zone), X is the property of Boom Clay in the 296 near field (EDZ), e is the global void ratio (see Table 1 ). In this empirical equation, the damage variable 297 considered is the ratio between e and e M .
298
In Eq. (11), there are two parameters to be determined: a > 0 is a parameter depending on the material 
310
The same model is used to predict the small-strain shear modulus (G hv , G h45 , G hh ) located at three 311 different distances: r = 2.5 m, 2.7 m and 9.2 m. As for the thermal conductivity, the values of G hv , G h45 , G hh 312 in the intact zone and presented in Table 2 
315
strain shear modulus at these three distances r are presented in Table 1 .
317
4.3.
Application of the damage model to the hydraulic property
11
In order to verify this damage model for the hydraulic property of natural Boom Clay, the field hydraulic 
321
The results of hydraulic conductivity k measurements in 2004, 2005 and 2012 are presented in Figure 11 .
322
Due to the excavation damage in the zone near the gallery, the hydraulic conductivity is quite high in this 
330
To apply the proposed damage model to the hydraulic conductivity, parameter a is taken the same as that 
348
From these measurements, it has been observed that the experimental data of  and G 0 follows the same 349 evolution law with the distance r from the gallery. -. By contrast, within the EDZ, there is a drastic 350 decrease in its hydro-mechanical performance. This is confirmed by the evolution of hydraulic property 
355
thus the interpretation of data is not straightforward.
356
As for the experimental methods of EDZ identification, the fracture/damage induced by excavation can be 366 Table 1 shows that the values of e of the three samples are almost the same, suggesting that e 0 is not an 367 indicator of excavation damage. Then, the microstructure investigation of these samples was carried out,
368
allowing the definition of a relevant damage parameter that is the ratio of the global void ratio (e 0 ) to the 369 void ratio of macro-pores (pore diameter ≥ 5 µm) (e M ). When the soil is in the EDZ, there are more macro-370 pores, giving rise to larger values of e M . Note that the applicability of this model is related to crack form 371 openings. When the lower damage limit is reached (i.e. undamaged state), the value of e M is very small 372 and X is considered to be equal to X 0 . When the upper damage limit is reached (i.e. totally damaged 373 state), the value of e M is very high and e/e M  0, hence X  0.
374
As the values of e 0 for all the three samples are around 0.64, the damage variable (e/e M ) depend only on 
13
In terms of hydraulic conductivity, the in-situ data showed the far field value clearly, but the predicted 
418
The mechanical property of Boom Clay around the connecting gallery was investigated through the 419 measurements of the small-strain shear modulus (G 0 ) by bender element under unconfined conditions.
420
The values in three directions G hv , G h45 , G hh were determined on samples at several distances r. Although 
423
The MIP tests revealed that the samples close to the gallery's wall have macro-pores larger than 5 m.
424
These pores correspond to cracks observed at the SEM observations, and can be related to the 425 excavation damage.
14
From the void ratio of macro-pore e M obtained from the MIP tests, a damage variable was defined and a 427 damage model was proposed allowing the prediction of the thermal-hydro-mechanical properties of Boom 
